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Abstract: The human visual system is not a colorimeter. The perceived colour of a region does not
only depend on its colour spectrum, but also on the colour spectra and geometric arrangement of
neighbouring regions, a phenomenon called chromatic induction. Chromatic induction is thought to
be driven by lateral interactions: the activity of a central neuron is modified by stimuli outside its
classical receptive field through excitatory–inhibitory mechanisms. As there is growing evidence
of an excitation/inhibition imbalance in migraine, we compared chromatic induction in migraine
and control groups. As hypothesised, we found a difference in the strength of induction between
the two groups, with stronger induction effects in migraine. On the other hand, given the increased
prevalence of visual phenomena in migraine with aura, we also hypothesised that the difference
between migraine and control would be more important in migraine with aura than in migraine
without aura. Our experiments did not support this hypothesis. Taken together, our results suggest a
link between excitation/inhibition imbalance and increased induction effects.
Keywords: migraine; vision; colour; colour perception; chromatic induction; psychophysics
1. Introduction
Chromatic induction refers to the change in the perceived colour of a region caused by
the colour(s) and spatial configuration of the surrounding regions, called inducers. There
are two types of chromatic induction: assimilation and contrast. Assimilation occurs when
the colour of a central region shifts towards the colour of an inducer, as illustrated in the
top panels of Figure 1. Contrast occurs when the colour of a central region shifts away from
the colour of an inducer [1], as illustrated in the bottom panels of Figure 1. Surrounding
regions with a uniform colour usually cause chromatic contrast while surrounding regions
made of stripes with different colours usually cause assimilation [2–4].
The mechanisms underlying chromatic induction are still poorly understood [4–6].
Nevertheless, experimental evidence suggests that centre-surround mechanisms and lat-
eral connections play a central role in induction effects. Lateral connections consist of an
interplay between excitatory and inhibitory connections that allow the activity of a neuron
to be modified by the activity of other neurons beyond its classical receptive field [7–10].
The activity of a neuron responding to colour in a central region can therefore be modified
through contextual influences by the colour of neighbouring areas outside its classical
receptive field, resulting in chromatic induction [5,6]. Computational models based on
centre-surround mechanisms, or mimicking the excitatory–inhibitory networks respon-
sible for contextual influences in the primary visual cortex, reproduce induction effects
quantitatively [4,11,12] and qualitatively [13].
Two aspects make studying chromatic induction in migraine appealing: the link be-
tween migraine and visual phenomena, and the putative excitation/inhibition imbalance
in migraine. Migraine is one of the most frequent neurological diseases, affecting approxi-
mately 12% of the population worldwide [14,15]. The symptoms of migraine vary from
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one patient to the other and even from a migraine attack (when the headache occurs) to the
other. A large list of factors triggering migraine has been identified, the most frequent of
which are hormonal activity, stress, fatigue, lack of sleep, diet, and sensory stimulation [16].
There are several criteria to classify patients with migraine. Migraine patients can be
distinguished by the number of days they are in pain every month or taking into account
whether they sometimes perceive visual aura before the pain attack or not. Auras consist
of visual disturbances such as spots or lines of light that appear in the visual field, usually
thirty minutes before pain onset [17]. Typically, an aura starts at the centre of the visual
field and spreads to the periphery [18].
Figure 1. Examples of colour assimilation (top panels) and colour contrast (bottom panels). Top
panel: On the left side a bluish-green ring is surrounded by alternate magenta (first inducer, in contact
with the bluish-green ring) and purple (second inducer) rings. On the right side, the same bluish-
green ring is surrounded by the same inducers in reverse order. In spite of having the same physical
colour (i.e., reflectance), these two rings are, respectively, perceived as green and blue, an effect
referred to as colour assimilation because the colour of the ring shifts towards that of the first inducer
(the bluish-green ring becomes greener when in contact with the magenta ring and more bluish when
in contact with the purple ring). Bottom panel: example of colour contrast, where the colour of the
green-lime ring shifts away from the colour of a unique inducer (left, a brown disk; right, a grey disk).
On the left, the colour of the green-lime ring shifts away from the brown of the disk and is perceived
as greenish. On the right, it shifts away from the grey ring and is perceived as closer to lime.
Visual perception has been extensively used as a method to explore indirectly brain
function in migraine. Differences in visual processing between patients with migraine
and control have been found in low level visual processing including contrast sensitivity,
orientation discrimination, visual search, masking, motion perception, after-effects and
surround suppression [19–29]. Some authors suggest that these differences are caused by
cortical hyper-excitability in migraine [30], probably related to an insufficient GABA-ergic
inhibition [31,32]. Other authors suggest that these differences are the consequence of
impaired inhibitory mechanisms [33–38]. Nevertheless, growing evidence points towards
an excitatory/inhibitory imbalance in migraine. Regarding colour, several psychophys-
ical studies have found differences in discrimination between migraine and the general
population [33,39–41]. These studies suggest that migraine sufferers have a different pro-
cessing in the short-wavelength sensitive (S) cones but no in the long-wavelength (L) and
middle-wavelength (M) sensitive cones.
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In this study, we explored whether the effects of colour contrast and colour assimilation
established with normal observers in the literature are different in migraine. We reasoned
that if excitation/inhibition imbalance is a hallmark of migraine, and excitatory–inhibitory
mechanisms are at the heart of the contextual influences that cause chromatic induction [5,6],
induction phenomena should be different in the migraine and in the normal populations.
We formulated the following hypothesis:
Hypothesis 1 (H1). Chromatic induction is different in the migraine and in the normal populations.
Besides, as visual phenomena are exacerbated in migraine with aura with respect to
migraine without aura [40,42,43], we expected any difference between the migraine group
as a whole and the normal population to be magnified in the group of migraine with aura.
We therefore formulated a second hypothesis:
Hypothesis 2 (H2). Differences in chromatic induction between migraine and control, if any, are
enhanced in migraine with aura.
To test these hypotheses, we defined a psychophysical experiment in which we
measured the strength of colour induction (both contrast and assimilation) in migraine
without aura, migraine with aura and control groups.
2. Materials and Methods
2.1. Stimuli
We used the same stimuli as Monnier and Shevell [2] and Otazu et al. [4] because these
stimuli have been shown to induce strong chromatic induction effects in control groups,
with striped surrounds tending to cause colour assimilation and uniform surrounds tending
to cause colour contrast. All the stimuli consisted of a set of concentric rings (see Figure 2,
left). The test ring, whose colour had to be matched by the participants when adjusting
the comparison ring (Figure 2, right; see ’Procedure’ below), was in the middle of the set.
For both striped and uniform stimuli, the area surrounding the test ring was made of two
different inducers (the 1st and the 2nd ones, in order of their distance to the test ring).
In uniform surrounds, however, the 1st and the 2nd inducers had the same colour. All the
stimuli occupied the same area of visual field.
Figure 2. Spatial configuration of the stimuli with 11 stripes. Subjects had to adjust the colour of the
comparison ring (right) to match the colour of the test ring (left). The whole stimulus subtended
17.3× 13 degrees of visual angle. The test and the comparison rings had the same size (diameter
of 6.91 degrees of visual angle) and their centres were separated by 8.68 degrees of visual angle.
The configuration for the stimuli with 17 stripes was in all identical except that the concentric rings
were thinner (width of 10.0 arcmin instead of 15.5 arcmin). The colours in the figure are illustrative.
Full details on the colours used in the experiment are available in Table 1.
Of the three spatial frequencies considered in Otazu et al. [4], we used the two high-
est, namely, 11 and 17 concentric rings, corresponding to a width of 15.5 arcmin and
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10.0 arcmin, respectively, because high frequencies cause more assimilation than low
frequencies [4,44,45]. We defined the same eight colour conditions (four striped and four
uniform, see Table 1). Overall, this led to a set of 16 possible stimuli.
Table 1. Colours used in the experiments. Chromaticities are defined in the MacLeod–Boynton colour
space, with s normalised to unity equal-energy white [46].
Experiment S (Striped Surround)
Condition Test Ring 1st Inducer 2nd Inducer
l s Y l s Y l s Y
1 0.66 0.98 27.5 0.64 1.40 20.0 0.68 0.60 37.0
2 0.67 1.00 26.0 0.64 1.40 20.0 0.64 0.60 32.0
3 0.66 0.98 27.5 0.68 1.40 22.0 0.64 0.60 32.0
4 0.65 1.00 30.0 0.68 1.40 22.0 0.68 0.60 37.0
Experiment U (Uniform Surround)
Condition Test Ring Inducer
l s Y l s Y
5 0.64 1.00 26.0 0.64 0.60 32.0
6 0.66 0.60 34.5 0.68 0.60 37.0
7 0.68 1.00 29.5 0.68 1.40 22.0
8 0.66 1.40 21.0 0.64 1.40 20.0
2.2. Experimental Setup
To generate the stimuli, we used the MATLAB’s Libraries [47] from the Cambridge
Research Systems Toolbox (Cambridge Research Systems, Ltd., Rochester, UK). The stimuli
were displayed on a 21 “SONY GDM-F500R CRT monitor” (1024× 768 px) calibrated using
a ColorCAL colorimeter (Minolta sensor) and the Cambridge Research Systems software.
All stimuli were presented through the ViSaGe MKII Stimulus Generator. Participants
viewed the stimuli binocularly from a distance of 140 cm (subtending 17.3× 13 degrees
of visual angle) in a dark room. The responses of the observers were collected using a
Logitech© gamepad.
2.3. Participants
A total of 21 participants took part in the experiment: 7 (5 females and 2 males,
26.5± 7.56 y.o.) had migraine with aura (MA), 7 (3 females and 4 males, 23.57± 6.53 y.o.)
migraine without aura (MO) and 7 (1 female and 6 males, 25.57± 9.40 y.o.) were control
subjects with no migraine (C). Migraine subjects were diagnosed according to the criteria of
the International Headache Society (IHS). Controls did not suffer neurological symptoms
or primary headache satisfying the IHS classification criteria [17]. As inclusion criteria,
observers had to have a normal colour vision, as evaluated using the Ishihara’s test [48] and
the D-15 Farnsworth Dichotomous test [49], and a normal or corrected-to-normal vision.
All subjects gave their informed consent to participate in the study, which was con-
ducted in accordance with the Declaration of Helsinki. The protocol was approved by
the Ethics Committee of our University (Comissió d’Ètica en l’Experimentació Animal i
Humana de la Universitat Autònoma de Barcelona, CEEAH-4056).
2.4. Procedure
The subjects first adapted to the dark environment of the experimental room during
three minutes before the experiment started. For each stimulus, the subjects were asked
to match the colour of the comparison ring to the colour of the test ring (see Figure 2).
To do so, they could navigate freely through the MacLeod–Boynton colour space using the
buttons of the gamepad. Once subjects thought they had found the best possible match,
they pressed a button and a blank frame appeared for 5 s to reduce the stimulus after-effect
and, next, a new stimulus was presented.
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There was no time restriction to do the task, but participants were advised not to take
more than one minute per stimulus. The experiment consisted of 6 blocks, 2 per day during
3 days. In each block the series of 16 possible stimuli was presented twice, in random order.
In total, the participants therefore did 12 repetitions for each stimulus. Before starting the
experiment, the participants did a one-day training session to familiarise themselves with
the task and the environment of the laboratory. All the data collected during this training
session were discarded from the analyses.
2.5. Reading Chromatic Induction in the MacLeod–Boynton Colour Space
To identify chromatic induction effect, in Figures 3 and 5 we represented the colours
involved in each of the 8 colour conditions as well as the colours chosen by the participants
in the MacLeod–Boynton (l, s) space. The test colour is represented by an open circle,
the colour of the first inducer by an open square and the colour of the second inducer
by an open triangle; the colours perceived by the participants are represented by filled
symbols with bars showing the standard errors of the mean along each axis. For each trial,
if the chosen comparison colour is between the test and the 1st inducer, there is colour
assimilation. If instead the test colour is between the comparison and the 1st inducer, there
is colour contrast.
2.6. Metric for Chromatic Induction
As the l and s axes of the MacLeod–Boynton colour space are not perceptually com-
parable, to compare the strength of colour induction among the different stimulus config-
urations we used a metric for colour induction defined in [12,50] that treats the two axes
separately. For each axis i, where i = [l, s], we computed the ratio of the difference between
the output of the experiment, i.e., the chosen, or ’perceived’, colour, Cci , and the test colour
Cti , and the difference between the colour of the (first) inducer C
s







The term ∆Ci, a scalar value, therefore represents the strength of induction along the
axis direction i. This metric not only makes comparable the strength of colour induction
along the l and s axes of the MacLeod–Boynton space, but is also sensitive to both colour
contrast (∆Ci < 0) and colour assimilation (∆Ci > 0). More specifically, according to
Equation (1), ∆Ci is negative when the chromaticity of the comparison ring Cci shifts away
from that of the first inducer Csi with respect to the test colour (the signs of C
c
i − Cti and
Csi − Cti are opposed). By contrast, when ∆Ci is positive the chromaticity of the comparison
ring shifts towards that of the first inducer (Cci − Cti and Csi − Cti have the same sign).
The metric does not include information about the second inducer because the first inducer
only determines the polarity of induction. It is important to note that there is a region
below the just noticeable difference (JND) in which no colour change can be perceived and,
therefore, no colour induction effect can be measured. We estimated this region (∆E = 1)
from the CIELab colour space as this space is approximately perceptually uniform. We
then transformed this estimate to the MacLeod–Boynton colour space and to the metric
units afterwards (see [12]).
2.7. Statistical Analysis
Data were separated according to chromatic condition and spatial frequency. We
first removed outlier observations for each observer separately using the interquartile
range measure (σ = 1.5, [51]) for each arrangement (a chromatic condition and a spatial
frequency). To analyse the main effect of group, i.e., migraine status, while taking into
account that each observer was presented with each stimulus several times, we used
mixed models. Group (alternatively, MO + MA versus C, and MO, MA and C taken
separately) was treated as a fixed factor while observer identity was treated as a random
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factor. The statistical models were fitted using the function lmer from the package lme4 [52]
in R [53].
To test our hypotheses, we used likelihood ratio tests against a χ2 distribution with
degrees of freedom equal to the difference in degrees of freedom between the null model
and the model with group (i.e., 1 in MO + MA versus C, and 2 in MO versus MA versus C).
Figure 3. Experimental results for striped surrounds (Conditions 1–4 of Table 1) and 17 stripes represented in the MacLeod–
Boynton chromatic space (l, s). The filled symbols of different colours indicate the perceived colours (the chosen values
for the comparison ring) for the different groups (migraine without aura, MO, migraine with aura, MA and control, C).
The small symbols represent the individual data and the big ones represent the group means. The error bars indicate the
standard error of the mean. The open symbols show the colour of the first (squares) and second (triangles) inducers, and of
the test ring (circles).
3. Results
In agreement with former studies (Monnier and Shevell [2], Otazu et al. [4]), arrange-
ments with striped surrounds and arrangements with uniform surrounds caused distinct
induction effects. Below, we first describe the results for striped surrounds and next for
uniform surrounds.
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3.1. Striped Surround
We found similar induction effects with 17 and 11 stripes. For brevity, we present here
the results for 17 stripes (Figures 3–6) and refer to the Appendix A for the results with
11 stripes (Figures A1 and A2).
In Conditions 1 and 3, the stripes surrounding the test ring had different values of l,
with the l value for the 1st inducer greater—and that of the 2nd inducer lower—than the l
value of the test ring, or vice versa, see Table 1. In Conditions 2 and 4, by contrast, there was
no difference in l between the 1st and the 2nd inducers. From previous studies (Monnier
and Shevell [2], Otazu et al. [4]), we therefore expected to observe colour assimilation along
the l axis in Conditions 1 and 3 and colour contrast along the l axis in Conditions 2 and 4 .
Figure 4. Experimental results for striped surround (Conditions 1–4 of Table 1) represented in
the metric units (see Equation (1)). The term ∆Cl measures chromatic induction along the l axis
of the MacLeod–Boynton colour space and ∆Cs measures chromatic induction along the s axis.
The bigger |∆C| the stronger chromatic induction. Positive values of the metric (∆C > 0) correspond
to assimilation and negative values (∆C < 0) to contrast. The grey region corresponds to one Just
Noticeable Difference. The symbols and the bars respectively represent the mean and standard error
of the mean in each group and for each condition.
The results supported these predictions. Conditions 1 and 3 caused colour assim-
ilation along this axis (filled circles and filled downward oriented triangles are in the
right hand side, i.e., positive ∆Cl , quadrant in Figure 4). Conditions 2 and 4 caused
colour contrast (filled upward oriented triangles and filled squares are in the left, i.e., neg-
ative ∆Cl , quadrant in Figure 4). Regarding the s axis, in the light of previous studies
(Monnier and Shevell [2], Otazu et al. [4]), we expected to observe colour assimilation in all
conditions because all stimuli compose a surround with alternating s values. In agreement
with this prediction, we found that all the perceived colours are in the upper (positive ∆Cs)
quadrants, showing that colour assimilation is always occurring along the s axis (Figure 4).
In line with Hypothesis 1, colour induction was different in the migraine and control
groups: both ∆Cl , χ2 = 9.19, p = 0.0024, and ∆Cs, χ2 = 5.51, p = 0.0189 were higher in
migraine than in control. In contrast with Hypothesis 2, however, colour induction was
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stronger in migraine without aura than in migraine with aura (∆Cl , χ2 = 9.35, p = 0.0093;
∆Cs, χ2 = 6.10, p = 0.0475).
3.2. Uniform Surround
For all the uniform surrounds (Conditions 5 to 8) the test ring and the inducer are on
the same axis of the MacLeod–Boynton colour space (l axis for Conditions 5 and 7 and
s axis for Conditions 6 and 8). In each Condition, the metric for chromatic induction is
therefore only defined along one axis, as shown in Figure 6.
We observed colour contrast for all the groups in the four conditions (the values of
∆Cl , Conditions 5 and 7, and ∆Cs, Conditions 6 and 8, are negative for all groups, Figure 6).
In contrast with the stimuli made of striped surround, we did not find any evidence of
difference between groups for the uniform surrounds (Figure 5, l axis, MO + MA versus
C, χ2 = 2.75, p = 0.10; MA versus MO versus C: χ2 = 2.76, p = 0.25; s axis, M versus C,
χ2 = 0.09, p = 0.76; MA versus MO versus C, χ2 = 0.65, p = 0.72), indicating that the
strength of the colour contrast was the same in all groups.
Figure 5. Experimental results for uniform surround (Conditions 5–8 of Table 1) represented in the MacLeod–Boynton
chromatic space (l, s). As in Figure 3, open circles represent the chromatic conditions and the filled symbols represent the
observed results, with the small ones the individual data and the big ones the group means.
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Figure 6. Experimental results for uniform surrounds (Conditions 5–8 of Table 1) in metric units (see
Equation (1)) along the two chromatic axes l and s. The larger the |∆C|, the stronger the chromatic
induction. Positive values show that colour assimilation is occurring and negative ones show that
colour contrast is occurring. Grey region indicates the JND region. Symbols indicate the mean value
for the different groups and error bars indicate the standard error of the mean.
4. Discussion
We measured chromatic induction using colour stimuli already defined in the liter-
ature. The effects of induction we found were consistent with previous studies: striped
surrounds caused chromatic assimilation and uniform surrounds caused chromatic con-
trast. The novel contribution was to compare chromatic induction in migraine and normal
populations, assessing potential differences between migraine with and without aura.
Lateral interactions in the visual cortex are thought to play a central role in chromatic
induction [5,6]. As these interactions are underpinned by excitatory and inhibitory mecha-
nisms, and experimental evidence shows a link between excitation/inhibition imbalance
and migraine, we expected chromatic induction to be different in migraine and control
(Hypothesis 1). Our results suggest that this is indeed the case, at least with one of the
two classes of stimuli used in the experiment. When presented with striped stimuli, both
chromatic contrast and assimilation were stronger in migraine than in control. Our data did
not support any difference between the two groups for uniform surrounds. While our study
did not use a continuum of spatial frequencies in the surround but only two types of sur-
rounds (uniform, and high spatial frequencies) to capture a transition in induction effects
between uniform and striped surrounds with increasing frequencies [5,6], a possible reason
for the difference between the two types of surrounds is that the excitatory–inhibitory
mechanisms that define lateral connections were not or weakly activated in uniform sur-
rounds. On the other hand, we observed that the difference between migraine and control
groups were consistent along both s and l axes of the MacLeod–Boynton colour space.
As the s axis of the MacLeod–Boyton space describes changes in colour involving S cones,
differences along the s axis are in line with studies pointing out that colour perception
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in migraine people differs whenever S-cone processing is involved [19,33,39,54,55]. Our
results, however, also supports differences between migraine and control groups in the
mechanisms involving L and M cones.
The prevalence of visual phenomena is higher in migraine with aura than in migraine
without aura. We therefore expected a difference in chromatic induction between the
control and the migraine groups to be exacerbated in migraine with aura (Hypothesis 2).
Our data do not support such a claim. Instead, we found mild evidence of the opposite,
namely, that chromatic induction is stronger in migraine without aura than in migraine
with aura. A limit of our study is that the experimental sessions took place on different days.
The observers with migraine are therefore likely to have done the experiments at different
phases of the migraine cycle, which, given our limited sample size, may have driven
the difference found between the two migraine groups. According to the literature [56],
it is indeed possible that colour induction, as other visual phenomena, changes along
the migraine cycle. Future studies of chromatic induction in migraine may monitor the
observers’ migraine cycle by, for example, asking observers to complete a migraine diary
including migraine attacks, their duration, intensity, and associated symptoms, and running
repetitive lab sessions along the migraine cycle. Another limitation of this study is that
observers in the migraine group were classified according to whether they had auras or
not before migraine attacks. Other criteria, such that the number of days with a migraine
attack per month, may correlate better with different strength of chromatic induction.
Although the striped stimuli we defined had symmetric chromaticities with respect
to the l = 0.66 value, they did not cause symmetric induction effects. For instance, in
Figure 3 the colours perceived in Condition 1 lay approximately along the diagonal that
joins the inducers. In particular, MO and MA subjects are close to l = 0.655. This diagonal
displacement means that colour assimilation is occurring in both the l and the s axes.
Instead, Condition 3, which is symmetric with respect to Condition 1, causes assimilation
along the s axis only; MO and MA values for l are close to 0.66. This vertical displacement
means that there is colour assimilation only along the s axis. Moreover, Condition 4 causes
a stronger assimilation in the s axis than Condition 2. The dependency between chromatic
induction and chromaticity of the inducers we observed is in line with previous studies in
which we concluded that colour assimilation does not only depend on the differences in
luminance between inducers but also on the chromaticity of the inducers [12,50].
5. Conclusions
We measured chromatic induction in migraine and control populations and found
enhanced effects of induction in migraine. As induction results from the modulation of
the colour of a region by the colour of surrounding regions through lateral interactions,
and lateral interactions are underpinned by interactions between excitatory and inhibitory
connections, this result is consistent with the excitation/inhibition imbalance found in
migraine. Our results, on the other hand, did not support the hypothesis that the difference
measured between migraine and control is enhanced in migraine with aura, but gave mild
evidence of the opposite.
This study could be useful to assess visual differences between people with and
without migraine, and to assess visual differences between the different phases involved in
the migraine cycle for people with migraine.
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Abbreviations
The following abbreviations are used in this manuscript:
C Healthy migraine-free control
JND Just Noticeable Difference
M Migraine
MA Migraine with aura
MO Migraine without aura
Appendix A. Results from 11 Stripes Conditions
The following Figures A1 and A2 show the psychophysical results for 11 stripes
configuration. The colour induction effect here is not as big as the one induced in the
17 stripes conditions.
Figure A1. Similar to Figure 4, the colour induction is shown for the three different groups. Here, we
present the results for the 11 stripes arrangement.
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Figure A2. In this figure, we present the psychophysical results for uniform surrounds for stimuli
composed by 11 stripes. Results are similar to the ones shown in Figure 6.
References
1. Cao, D.; Shevell, S.K. Chromatic assimilation: Spread light or neural mechanism? Vis. Res. 2005, 45, 1031–1045. [CrossRef]
2. Monnier, P.; Shevell, S.K. Large shifts in color appearance from patterned chromatic backgrounds. Nat. Neurosci. 2003, 6, 801.
[CrossRef] [PubMed]
3. Monnier, P.; Shevell, S.K. Chromatic induction from S-cone patterns. Vis. Res. 2004, 44, 849–856. [CrossRef] [PubMed]
4. Otazu, X.; Parraga, C.A.; Vanrell, M. Toward a unified chromatic induction model. J. Vis. 2010, 10, 5. [CrossRef] [PubMed]
5. Zaidi, Q.; Yoshimi, B.; Flanigan, N.; Canova, A. Lateral interactions within color mechanism in simultaneous induced contrast.
Vis. Res. 1992, 32, 1695–1707. [CrossRef]
6. Zaidi, Q. Color and Brightness Induction: From Mach Bands to Three-Dimensional Configurations; Cambridge University Press: New
York, NY, USA, 1999.
7. Blakemore, C.; Tobin, E. Lateral Inhibition between orientation detectors in the cat’s visual cortex. Exp. Brain Res. 1972,
15, 439–440. [CrossRef]
8. Bishop, P.; Coombs, J.; Henry, G. Receptive fields of simple cells in the cat striate cortex. J. Physiol. 1973, 231, 31–60. [CrossRef]
[PubMed]
9. Heeger, D.J. Normalization of cell responses in cat striate cortex. Vis. Neurosci. 1992, 9, 181–197. [CrossRef] [PubMed]
10. Angelucci, A.; Bressloff, P. Contribution of feedforward, lateral and feedback connections to the classical receptive field center
and extra-classical receptive field surround of primate V1 neurons. Prog. Brain Res. 2006, 154, 93–120.
11. Otazu, X.; Vanrell, M.; Párraga, C.A. Multiresolution wavelet framework models brightness induction effects. Vis. Res. 2008,
48, 733–751. [CrossRef]
12. Cerda-Company, X.; Otazu, X. Color induction in equiluminant flashed stimuli. J. Opt. Soc. Am. A 2019, 36, 22–31. [CrossRef]
13. Penacchio, O.; Otazu, X.; Dempere-Marco, L. A Neurodynamical Model of Brightness Induction in V1. PLoS ONE 2013, 8, e64086.
[CrossRef] [PubMed]
14. Stovner, L.J.; Andree, C. Prevalence of headache in Europe: A review ofor the Eurolight project. J. Headache Pain 2010, 11, 289–299.
[CrossRef] [PubMed]
15. Martelletti, P.; Birbeck, G.L.; Katsarava, Z.; Jensen, R.H.; Stovner, L.J.; Steiner, T.J. The Global Burden of Disease survey 2010,
Lifting The Burden and thinking outside-the-box on headache disorders. J. Hedache Pain 2013, 14, 13. [CrossRef]
16. Andress-Rothrock, D.; Wesley King, W.; Rothrock, J. An Analysis of Migraine Triggers in a Clinic-Based Population. J. Hedache
Face Pain 2010, 50, 1366–1370. [CrossRef] [PubMed]
17. Olesen, J.; Bes, A.; Kunkel, R.; Lance, J.W.; Nappi, G.; Pfaffenrath, V.; Rose, F.C.; Schoenberg, B.S.; Soyka, D.; Tfelt-Hansen, P.; et al.
The International Classification of Headache Disorders, 3rd edition (beta version). Cephalalgia 2013, 33, 629–808.
18. Queiroz, L.P.; Rapoport, A.M.; Weeks, R.E.; Sheftell, F.D.; Siegel, S.E.; Baskin, S.M. Characteristics of migraine visual aura.
J. Headache Face Pain 1997, 37, 137–141. [CrossRef]
19. O’Hare, L.; Hibbard, P.B. Visual processing in migraine. Cephalalgia 2016, 36, 1057–1076. [CrossRef]
Vision 2021, 5, 37 13 of 14
20. McColl, S.; Wilkinson, F. Visual contrast gain control in migraine: Measures of visual cortical excitability and inhibition.
Cephalalgia 2000, 20, 74–84. [CrossRef]
21. Shepherd, A. Increased visual after-effects following pattern adaptation in migraine: A lack of intracortical excitation? Brain
2001, 124, 2310–2318. [CrossRef]
22. McKendrick, A.M.; Vingrys, A.J.; Badcock, D.R.; Heywood, J.T. Visual dysfunction between migraine events. Investig. Ophthalmol.
Vis. Sci. 2001, 42, 626–633.
23. Antal, A.; Temme, J.; Nitsche, M.; Varga, E.; Lang, N.; Paulus, W. Altered motion perception in migraineurs: Evidence for
interictal cortical hyperexcitability. Cephalalgia 2005, 25, 788–794. [CrossRef]
24. Ditchfield, J.A.; McKendrick, A.M.; Badcock, D.R. Processing of global form and motion in migraineurs. Vis. Res. 2006, 46, 141–148.
[CrossRef]
25. Shepherd, A.J. A Review of Motion and Orientation Processing in Migraine. Vision 2019, 3, 12. [CrossRef]
26. Shepherd, A.J. Tracking the Migraine Cycle Using Visual Tasks. Vision 2020, 4, 23. [CrossRef] [PubMed]
27. Wilkins, A.; Nimmosmith, I.; Tait, A.; McManus, C.; Della Sala, S.; Tilley, A.; Arnold, K.; Barrie, M.; Scott, S. A neurological basis
for visual discomfort. Brain 1984, 107, 9897–1017. [CrossRef] [PubMed]
28. Conlon, E.; Lovegrove, W.; Chekaluk, E.; Pattison, P. Measuring visual discomfort. Vis. Cogn. 1999, 6, 637–663. [CrossRef]
29. Radhakrishnan, K.; St Louis, E.; Johnson, J.; McClelland, R.; Westmoreland, B.; Klass, D. Pattern-sensitive epilepsy: Electroclinical
characteristics, natural history, and delineation of the epileptic syndrome. Epilepsia 2005, 46, 48–58. [CrossRef]
30. Marcus, D.; Soso, M. Migraine and stripe-induced visual discomfort. Arch. Neurol. 1989, 46, 1129–1132. [CrossRef]
31. Meldrum, B. Photosensitive epilepsy in man and the baboon. Electrophysiol. Epilepsy 1984, 1984, 51–77.
32. Bigal, M.; Hetherington, H.; Pan, J.; Tsang, A.; Grosberg, B.; Avdievich, N.; Friedman, B.; Lipton, R. Occipital levels of GABA are
related to severe headaches in migraine. Neurology 2008, 70, 2078–2080. [CrossRef] [PubMed]
33. Shepherd, A. Colour vision in migraine: Selective deficits for S-cone discriminations. Cephalalgia 2005, 25, 412–423. [CrossRef]
34. Huang, J.; Zong, X.; Wilkins, A.; Jenkins, B.; Bozoki, A.; Cao, Y. fMRI evidence that precision ophthalmic tints reduce cortical
hyperactivation in migraine. Cephalalgia 2011, 31, 925–936. [CrossRef]
35. Palmer, J.; Chronicle, E.; Rolan, P.; Mulleners, W. Cortical hyperexcitability is cortical under-inhibition: Evidence from a novel
functional test of migraine patients. Cephalalgia 2000, 20, 525–532. [CrossRef] [PubMed]
36. Mulleners, W.M.; Chronicle, E.P.; Palmer, J.E.; Koehler, P.J.; Vredeveld, J.W. Visual cortex excitability in migraine with and without
aura. Headache J. Head Face Pain 2001, 41, 565–572. [CrossRef] [PubMed]
37. Coppola, G.; Pierelli, F.; Schoenen, J. Is The Cerebral Cortex Hyperexcitable or Hyperresponsive in Migraine? Cephalalgia 2007,
27, 1427–1439. [CrossRef] [PubMed]
38. Nguyen, B.N.; McKendrick, A.M.; Vingrys, A.J. Abnormal inhibition-excitation imbalance in migraine. Cephalalgia 2016, 36, 5–14.
[CrossRef]
39. Shepherd, A.J. Color vision but not visual attention is altered in migraine. Headache J. Head Face Pain 2006, 46, 611–621. [CrossRef]
[PubMed]
40. De Marinis, M.; Rinalduzzi, S.; Accornero, N. Impairment in color perception in migraine with and without aura. Headache J.
Head Face Pain 2007, 47, 895–904. [CrossRef]
41. Shepherd, A.J.; Hine, T.J.; Beaumont, H.M. Color and spatial frequency are related to visual pattern sensitivity in migraine.
Headache J. Head Face Pain 2013, 53, 1087–1103. [CrossRef]
42. Chronicle, E.; Wilkins, A.; Coleston, D. Thresholds for detection of a target against a background grating suggest visual
dysfunction in migraine with aura but not migraine without aura. Cephalalgia 1995, 15, 117–122. [CrossRef]
43. Shepherd, A.J. Visual contrast processing in migraine. Cephalalgia 2000, 20, 865–880. [CrossRef]
44. Fach, C.; Sharpe, L.T. Assimilative hue shifts in color depend on bar width. Percept. Psychophys. 1986, 40, 412–418. [CrossRef]
[PubMed]
45. Smith, V.C.; Jin, P.Q.; Pokorny, J. The role of spatial frequency in color induction. Vis. Res. 2001, 41, 1007–1021. [CrossRef]
46. MacLeod, D.A.; Boynton, R.M. Chromaticity diagram showing cone excitation by stimuli of equal luminance. J. Opt. Soc. Am.
1979, 69, 1183–1186. [CrossRef] [PubMed]
47. MATLAB. Version 9.1.0 (R2016b); The MathWorks Inc.: Natick, MA, USA, 2016.
48. Ishihara, S. Tests for Colour-Blindness; Kanehara Shippan Co., Ltd.: Tokyo, Japan, 1972.
49. Farnsworth, D. The Farnsworth Dichotomous Test for Color Blindness: Panel D-15; Psychological Corporation: New York, NY, USA,
1947.
50. Cerda-Company, X.; Otazu, X.; Sallent, N.; Parraga, C.A. The effect of luminance differences on color assimilation. J. Vis. 2018,
18, 10. [CrossRef]
51. Disraeli, B., General summary statistics. In Understanding Statistics; Oxford University Press: New York, NY, USA, 1996; Chapter 2,
pp. 36–83.
52. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw. 2015, 67, 1–48.
[CrossRef]
53. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2019.
54. Mulleners, W. Colour Vision Impairment in Migraine-Out of the Blue? Cephalalgia 2005, 25, 401–402. [CrossRef] [PubMed]
Vision 2021, 5, 37 14 of 14
55. Tibber, M.S.; Guedes, A.; Shepherd, A.J. Orientation discrimination and contrast detection thresholds in migraine for cardinal
and oblique angles. Investig. Ophthalmol. Vis. Sci. 2006, 47, 5599–5604. [CrossRef] [PubMed]
56. McKendrick, A.M.; Chan, Y.M.; Vingrys, A.J.; Turpin, A.; Badcock, D.R. Daily vision testing can expose the prodromal phase of
migraine. Cephalalgia 2018, 38, 1575–1584. [CrossRef]
